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Abstract 
From April 1997 to June 1998 Nemurella pictetii populations were regularly sampled in two 
springstreams at 220 and 850 m a.s.l., respectively, in Hesse (Germany), at approximately 
51 °N. Random samples of larvae were taken at three week intervals during the vegetation peri- 
od, and once a month during winter. Sex, instar, body length, head capsule width and wing pad 
length of all larvae were recorded. Temperatures were recorded every hour, temporal patterns 
of temperature agreed closely between sites. Mean winter lows were 3.9 °C at both sites, the 
mean summer high was 11.9 °C at the lower site, as opposed to 9.6 °C at the mountain site. 
At both sites, adult emergence started in May. At the mountain site, recruitment started in late 
July and continued into autumn. There was cohort splitting in the young generation. Some in- 
dividuals grew rapidly until October-November, but last instar larvae first appeared in March 
the next year. 1600 degree-days above 0 °C were accumulated during complete development. 
At the lower site, recruitment began in early July, and cohort splitting also occurred. Fast grow- 
ing summer recruits emerged as adults in late August, having accumulated only 700 degree- 
days (above 0 °C). Their offspring hatched in November-December and emerged the next 
spring, having accumulated also only 700 degree-days. However, only part of the population 
was bivoltine. Many of the summer recruits grew more slowly and accumulated close to 1900 
degree days until they emerged the next spring, together with the offspring of their own fast- 
growing siblings. Dependence ofgrowth rate on temperature could not be estimated and ap- 
pears to vary with daylength. For example, 3-6 °C support growth and development provided 
daylength exceeds 10 hrs of light, or is rising. 
At both sites and in all cohorts individuals emerging earliest were larger than later emerging 
ones. The size decline is significantly correlated with number of days after the winter solstice. 
For the first time it is shown that he decline does not occur shortly before adult emergence but 
actually takes place several instars before the last. Size differences are then carried on, and am- 
plified, during subsequent molts, until adulthood. The literature presently relates easonal size 
declines of insects to high or rising temperatures xperienced by larvae approaching adult- 
hood. Our data show that, at least in Nemurella, this explanation fails. On average, females 
were distinctly larger than males. Differences in mean last instar size were noticed also be- 
tween sites and years. They remain presently unexplained. The mean sex ratio in both popula- 
tions was close to 1:1. 
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Introduction 
Nemurella pictetii s an extremely widespread species 
whose range extends from near 42°N in Spain (SANCHEZ 
ORTEGA & ALBA TERCEDOR 1987) tO 70°N in Skandi- 
navia (LILLEHAMMER 1988) and from 10°W in Ireland 
(HYNES 1967) to l l0°E near Lake Baikal in Siberia 
(ZHILTZOVA 1984). The species may be abundant in a va- 
riety of habitats, from circumneutral springs (LINDE- 
GAARD et al. 1975; THORUP 1963) to acid waters, like 
peat bog drains (for example, RUPPRECHT & FRISCH 
1992; ZIEMANN 1975; ZWlCK 1967). Nemurella is an op- 
portunistic feeder. For a long time it was regarded as a 
detritivorous gatherer, collector or shredder (for exam- 
ple, HENDERSON et al. 1990; HYNES 1941; MOOG 1995), 
but was more recently found to also graze on periphyton 
(LEDGER & HILDREW, 2000, 2001; WINTERBOURN et al. 
1992). Nemurella pictetii is an ecologically flexible 
species, also with regard to its life cycle which varies, 
even in a geographically restricted area like central Eu- 
rope, from semivoltine (BRITTAIN 1978) to apparently 
plurivoltine, with three emergence periods every year 
(MATTNIAS & MEINEL 1982; WOLF & ZWlCK 1989; 
ZWlCK 1977). The same studies also provide vidence of 
considerable seasonal variation in, for example, body 
size or sex-ratio f the emerging populations. 
The present study relates two abiotic factors, water 
temperature and photoperiod, to seasonal change in two 
large Nemurella populations in Germany. The two popu- 
lations are only about 40 km apart, living under the same 
photoperiod. However, the altitudinal difference be- 
tween the sites is about 600 m; the stoneflies therefore 
experience distinctly different temperature gimes. The 
extensive field data permit also an assessment of sex 
ratio based on larvae, without bias possibly introduced 
by sexual differences in adult habitat choice, activity, 
and longevity. 
Study sites 
The Nemurella populations tudied from May 1997 to 
June 1998 live in two streams in Hesse, Germany. One 
study site was along one of the spring runs of the River 
Fulda (abbreviation: FD), on the Wasserkuppe, the sum- 
mit of the Rhoen Mts at 850 m a.s.1. (50°30'N, 09°56'E). 
We sampled aswampy spring area about 100 m down- 
stream from the touristical site labelled as the 'Ful- 
daquelle'. The area is treeless and exposed to sun; how- 
ever, the stream is completely overgrown and hidden by 
the abundant herbaceous vegetation some of which per- 
sists during winter. The other study site was a tributary 
to the Breitenbach (abbreviation: BTB) near Schlitz 
(50°40'N, 09033 ' E) at 240 m a.s.1. The tributary is 
formed by the outlets of four spring-fed unstocked little 
fish ponds in the shade of a hill and is approximately 
50 m long. The spring run is strongly overgrown with 
deciduous trees and shrubs, and herbaceous vegetation 
which dies off during winter. This is the same study site 
as the one of WOLF & ZWICK (1989). 
Material and Methods 
Temperature records 
At both study sites, water temperature was recorded with 
Tinytalk ® Temperature Dataloggers, at hourly intervals, 
with a precision of 0.4 °C. The original temperature 
records lacked data on a single day approximately every 
month when the device was replaced. At FD, data for 
several weeks were accidentally ost but back-calculated 
from temperatures that are routinely and continuously 
recorded (with Tinytalk ® Temperature Dataloggers, at 
20 min intervals) in the main course of BTB; see below, 
under Results. 
Specimen sampling 
Samples were collected every three weeks during the 
vegetation period, but only once a month in the cold sea- 
son (Table 1). A 15 cm wide scraper with a mesh size of 
0.1 mm was used to sample all available microhabitats. 
Each sample consisted of 3-5 subsamples covering the 
recognizable microhabitats, toaccount for possible size- 
dependent and seasonal differences in larval microdistri- 
bution (FIALKOWSKI 1986, 1989; HILDREW et al. 1980; 
NESTEROVlTCH 1992). Since we attempted to collect 
comparable sample sizes, sampling effort varied with 
population density. On average, samples covered about 
0.1-0.2 m 2 of streambed. The pooled subsamples were 
cautiously washed through sieves, the live larvae sorted 
under a dissecting microscope, at 6x, 1-2 hours after 
sampling, and preserved in 70% ethanol for subsequent 
biometry. 
Biometry and sexing 
Body length (BL; from front of head to tip of abdomen), 
head Capsule width (HCW; across the eyes) and, where 
applicable, wing pad length (WL; from tip of wing pad 
to paramedial contact point with mesonotum) of every 
specimen were measured to the nearest 0.01 mm using a 
WILD M5 dissecting microscope combined with a digi- 
tizing tablet (WERNEKE & ZWICK 1992). Identification of 
the adolescent last three instars (Ln, Ln 1, Cn_2) by wing 
development followed ZWlCK (1991) and BEER-STILLER 
& ZWlCK (1995). Larvae that could be sexed and showed 
some trace of wing development but could not with cer- 
tainty be assigned to one of the beforementioned instars, 
and larvae that had no trace of wing development and/or 
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Table 1. Sampling dates and material of IVemurella pictetii collected at the two study sites, tributary to the stream Breitenbach (BTB) and 
spring run of the River Fulda (FD). N - total number of larvae collected and shares (%) of female (F), male (M), and unsexed immature larvae (I) 
in each sample. 
BTB FD 
Date N F M I Date N F M I 
30.04.97 194 40.2 50.5 9.3 14.05.97 110 13.7 11.8 74.5 
23.05.97 96 53.1 40.6 6.3 09.06.97 103 41.7 19.4 38.8 
11.06.97 94 48.9 51.1 nil 29.06.97 58 44.8 44.8 10.3 
04.07.97 106 42.5 36.8 20.8 20.07.97 103 20.4 5.8 73.8 
26.07.97 144 13.9 11.8 74.3 10.08.97 89 nil 2.2 97.8 
16.08.97 116 11.2 20.0 69.8 10.09.97 80 nil nil 100 
04.09.97 62 22.6 12.9 64.5 14.10.97 265 6 4.1 89.8 
24.09.97 88 33.0 14.8 45.5 15.11.97 192 7.3 3.6 89 
15.10.97 81 42.0 18.5 39.5 15.12.97 210 12.9 12.4 74.8 
16.11.97 108 36.1 35.2 28.7 17.01.98 132 39.4 18.2 42.4 
16.12.97 120 21.7 34.2 44.2 16.02.98 117 31.6 23.1 45.3 
16.01.98 216 42.1 40.3 17.6 16.03.98 95 35.8 35.8 28.4 
15.02.98 141 46.8 34.8 8.5 15.04.98 68 48.5 38.2 13.2 
17.03.98 138 47.8 45.7 6.5 14.05.98 112 42.9 38.4 18.8 
16.04.98 103 50.5 48.5 1.0 16.06.98 85 43.5 40 16.5 
14.05.98 14 71.5 28.5 nil 
Table 2. Seasonal characteristics of water temperature regime (in °C) at the two sampling sites during the investigation. 
Early summer '97 Late summer '97 Winter '97/98 Early summer '98 
1 Apr to 15 Jul 16 Jul to 30 Sep 1 Oct to 31 Mar 1 Apr to 15 Jul 
BTB Mean 9.31 10.68 5.64 10.51 
Min 5.63 1.86 1.86 6.57 
Max 12.95 12.56 11.05 14.65 
FD Mean 7.56 9.16 4.90 7.66 
Min 5.30 7.18 2.65 4.60 
Max 9.23 10.45 9.74 9.80 
could not be sexed were recorded but are for most pur- 
poses treated as a collective group of juveniles (<Ln_2). 
When morphological change towards adulthood occurs 
at molts in addition to growth, we speak of maturation. 
Sexing of the last three instars by the remarkably en- 
larged and modified male paraprocts i easy and safe in 
late instars. In younger specimens, in cases of doubt, 
sexing was by the shape of the 8 th and 9 th abdominal seg- 
ments, where traces of the future female and male, re- 
spectively, gonopores are visible as hairless pale areas 
near the posterior border of the respective segment. The 
reliability of this approach was beforehand confirmed by 
examination fthe inner genitalia of several specimens. 
Statistics 
Statistical tests were performed with SPPS for Win- 
dows. 
Results 
Temperatures 
Fig. 1 shows the daily mean water temperatures at FD 
and BTB, respectively. The pattern of seasonal change at 
the two sites is closely comparable, winter temperatures 
are well above freezing point. Mean seasonal tempera- 
tures, diurnal and annual amplitudes are all higher at 
BTB than at FD (Table 2). We divided the study period 
into several sections roughly corresponding to periods 
with or without adult emergence, or first and second 
emergence p aks, respectively. 
Available data of simultaneous temperatures in the 
main course of the Breitenbach 300 m from the study 
site, at site BTB itself, and at site FD were so closely re: 
lated (Table 3) that some missing FD data could be back- 
calculated from Breitenbach data (Fig. 1). 
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Fig, 1. Daily mean water temperature at the two sampling sites during the investigation. Compare Table 3 for back-calculation of some sum- 
mer temperatures on the Wasserkuppe, in 1997. 
Table 3. Back-calculation of occasional missing temperature data at 
sites FD and BTB from readings in the main course of the Breitenbach 
(BTBm); parameters of regressions of the form: °CFD = b*°CBm + a 
b SE a SE R 2 P 
FD 0.941 0.023 -0.728 0.181 0.843 <0,001 
BTB 1.365 0,031 -2.568 0.257 0.821 <0.001 
Biometry 
Body length (BL) and head capsule width (HCW) can be 
mutually converted according to a regression of the 
form: BL = b*HCW + a (N = 3626; R 2 = 0.968; b = 5.32 
+_ 0.016; a = -0.32 _+ 0.012; P < 0.001). Our reason to 
choose HCW is explained in the Discussion. 
Population structure and dynamics, voltinism 
Population structure is described in terms of body size 
(as HCW) and instar composition at the sampling dates 
(Figs. 2, 3). The number of larvae examined each time 
can be read from Table 1. Population dynamics at the 
two sites differed and is described separately for each 
site. However, a size decline of given instars with time 
was apparent at both sites. 
River Fulda, Wasserkuppe (site FD) (Fig.  2) 
At site FD, Cohort lwas emerging from mid-April until 
early August. Before its smallest members disappeared 
from the stream, anew Cohort 2 began appearing in late 
July; recruitment continued into September. By mid-Oc- 
tober, a number of specimens from Cohort 2 (Cohort 2a) 
had grown to the first wing-bearing instar and there were 
large specimens ininstar Ln_3. Specimen umbers in sub- 
sequent samples declined only little but larvae remain- 
ing in November and December (Cohort 2b) were small- 
er than before but there was no additional recruitment. 
Growth and maturation stopped until the middle of Jan- 
uary. In January and February, temperatures were at their 
minimum but there was nevertheless important growth 
of Cohort 2b, and numbers of late instars appeared, last 
instar specimens mainly in the middle of April. Both 
specimen size and specimen umbers declined with time 
until a Cohort 3 hatched in the middle of June, apparent- 
ly before emergence of Cohort 2b was complete. The 
population was apparently univoltine as no adults were 
observed in late autumn. 
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Fig, 2. Nemurella pictetii, population structure, mean temperature during the sampling intervals and daylength in the spring run of the River 
Fulda, Wasserkuppe (site FD); Lo to Ln-2 are the last to antepenultimate instars; Juveniles1 and 2 are younger larvae without wing pads assigned 
to Cohorts 1 and 2, respectively. 
Tributary to Breitenbach (site BTB) (Fig. 3) 
Fig. 3 shows Cohort 1 growing, maturing, and eventual- 
ly disappearing from the stream, obviously via adult 
emergence, between May and late July. Very small lar- 
vae of Cohort 2 first appeared in early July and grew 
quickly; they remained entirely distinct from the disap- 
pearing Cohort 1. From mid August to late September, 
part of Cohort 2 (Cohort 2a) yielded last instar larvae 
and certainly also emerging adults because specimen 
numbers in samples dropped rastically. There was ob- 
vious cohort sp]itting because not all of the small larvae 
in Cohort 2 grew to last instar in late summer. Instead, a 
considerable stock of small larvae remained (Cohort 
2b), although no really tiny larvae were left. In Novem- 
ber-December the upper size limit remained unchanged 
and growth seemed negligible. However, there was new 
recruitment and tiny larvae representing Cohort 3 were 
added which may have obscured some growth at the 
lower end of the size range. Subsequently, Cohort 2b and 
Cohort 3 merged and could no longer be distinguished. 
Growth recommenced in January when daylength in- 
creased, despite low temperatures. From January on, 
maturation was fast, early last instar larvae appeared in 
mid-March. Simultaneously, the stock of small larvae 
dwindled; only a single wingless larva was collected in 
April, 1998. Hatching of the next generation was not no- 
ticed. Occurrence of last instar larvae, and hence adult 
emergence, atBTB was bimodal. 
Temperature, photoperiod, and growth 
Acceleration of growth by high temperatures in Ne- 
murella is most clearly seen in Cohort 2a: at BTB, tem- 
peratures near 11 °C permitted complete development, 
before autumn, with as few as ca 720 degree days above 
0 °C accumulated. At FD, the summer mean was only 
9.6 °C, ca 500 degree days were accumulated in the 
same period, and only instar Ln-2 was attained. Figs. 2 
and 3 suggest that growth and development a a given 
temperature are generally faster under ising than under 
declining daylength but our data permit no estimates of 
growth rates and no precise description. 
A plot of temperatures at which growth and develop- 
ment occur (Figs. 2 and 3) against daylength at the re- 
spective date shows that there is growth over the entire 
observed temperature ange, provided aylength is ris- 
ing. However, development and growth stop in an envi- 
ronmental window at temperatures below ca. 6 °C and a 
daylength of 10 hours or less (Fig. 4). 
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Fig. 3. Nemure/la pictetii, population structure, mean temperature during the sampling intervals and daylength in the tributary to the Breiten- 
bach (site BTB); Ln to Ln-2 are the last to antepenultimate instars; Juveniles1 to Juveniles 3 are younger larvae without wing pads assigned to 
Cohorts 1 to 3. 
Tab le  4. Nemurella pictetii, recognized cohorts, their periods of de- 
velopment, and cumulated degree-days above 0 °C during the same 
periods. 
Study site Period of development Degree-days 
during same period 
FD, Cohort 1 Unknown 
FD., Cohort 2a Early July-early Sept; 
unsuccessful 504 
FD., Cohort 2b Late July-mid April 1609 
BTB, Cohort 1 Unknown 
BTB, Cohort 2a Early July-early Sept. 717 
BTB, Cohort 2b Early July-end March 1991 
BTB, Cohort 3 Mid Nov.-end March 700 
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Fig. 4. Nemure/la pictetii, combinations of daylength and tempera- 
ture inducing a seasonal stop of growth and development at the two 
study sites (from data underlying Figs. 2, 3). 
Cumulated egree-days during the periods in which 
the different cohorts of Nemurella were growing and de- 
veloping diverged widely (Table 4). The values in Table 
4 include the approximately 280 degree-days between 
late October and the winter solstice when there was no 
apparent growth or development (Fig. 4). 
Seasonal size decline, and size differences between 
sexes, sites, and years 
A decline of body size with time occurred at both sites 
(Figs. 2, 3, 5). The decline was documented in all three 
wing-bearing larval instars. The size at which a given in- 
star molted to the next instar decreased with time (Table 
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5). In consequence, upper and lower size limits of every 
given instar converged as time progressed; see, for ex- 
ample, Cohort i at FD (Fig. 2). When sampling date was 
expressed as number of days after winter solstice, very 
highly significant negative correlations between HCW 
and date were found. Closeness of correlation increases 
with instar and is generally higher at FD than at BTB 
(Table 5). 
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Fig. 5. Nemurella pictetii, head capsule width of last instar speci- 
mens from site FD at the different sampling dates. Dates are ex- 
pressed as number of days after winter solstice (22 Dec.) in the pre- 
ceding year. 
Table 5. IVemurella pictetii, negative correlation between sampling 
date (as number of days after winter solstice) and HCW of larvae (in 
pro); N = number of specimens analyzed. 
Studysite Instars Slope Corr. coeff. R Significance N 
BTB Lo_2 -0.56562 0.316267 P < 0.001 125 
Ln-1 -0.75519 0.359954 P < 0.001 168 
Lo -1.11416 0.470372 P < 0.001 299 
FD LN-2 -1.05316 0.507882 P < 0.001 60 
L~_~ -1.47423 0.654982 P < 0.001 71 
Ln -2.88390 0.527299 P < 0.001 148 
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Increase in HCW at the last two molts ranged from 10 
to 17%. Numbers were too small to detect significant 
differences in increase between sexes, sites, and years. 
Sexual size differences exist already when sexing is 
first possible, in juvenile larvae without wing pads. 
Overall, the sexual size difference increases with instar. 
At both sites, last instar specimens in 1998 were larg- 
er than those in 1997 (Table 6); mean HCW differed 
highly significantly (p < 0.001; MANN-WHITNEY U-test) 
between years, except one non-significant case (gray 
shade). 
Mean HCW at BTB exceeded HCW at FD in both 
years, with variable significance of differences between 
means (Table 7; MANN-WHITNEY U-test). 
Sex ratio 
Sex ratio was expressed as percentage of males which 
varied between sampling dates, sites, years, and instars, 
respectively (Table 8), from 35 to 57 percent males, 
without rend. The overall mean was 47% males. 
Discussion 
Temperature regimes 
The close agreement in short term temperature patterns 
(Fig. 1) between sites 40 km apart illustrates the depen- 
dence of water temperatures onprevailing air tempera- 
tures. Air temperatures vary mainly with predominant 
pressure systems, and related winds, cloud cover and 
sunshine. The agreement between sites is least at the 
lowest and highest emperatures, respectively, probably 
because of gain or loss, respectively, of warmth through 
radiation. The Wasserkuppe (950 m high), has more 
clear days per year than other areas around it (BEYER 
2000). In contrast, he Breitenbach often experiences in- 
versions of air temperature, with fog and low cloud 
cover reducing radiation, especially in spring and au- 
tumn. 
The study period followed an unusually cold winter in 
1996/97 (unpublished records of water temperatures in 
the Breitenbach; Limnologische Fluss-Station, courtesy 
Table 6. Nemurella pictetii, mean head capsule width (HCW; mm) of last instar male and female larvae, respectively, at the two sites in both 
years. Compare text. 
FD 1997 FD 1998 BTB 1997 BTB 1998 BTB 1997 BTB 1998 
Ln Male Male Male Male Female Female 
(N = 11) (N = 18) (N = 46) (N = 20) (N = 36) (N = 23) 
HCW 1.082 1.247 1.191 1.290 1.340 1.463 
Extremes 0.915-1.209 1.102-1.572 1.140-1.449 1.241-1.677 1.034-1.456 1.132-1.509 1.180-1.510 1.270-1.572 
S.D. 0.081 0.103 0.092 0.115 0.064 0.075 0.080 0.066 
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H.-H. SCHMIDT). However, temperatures were in the 
normal range during all the period of short and falling 
daylength, until Christmas 1996. The subsequent cold 
spell coincided with increasing daylength, until around 
10 February. The winter 1997/98 was average and dis- 
tinctly warmer than the preceding winter but had more 
days at ~ 6 °C during the period of critically short 
daylength (Fig. 4). 
Biometry and instar discrimination 
Growth, i.e., the accrual of biomass, can conveniently be 
expressed as body length (BL). However, telescoping of 
abdominal segments depending on gut fullness and fat 
body development lead to an approximately continuous 
increase of BL. In contrast, head capsule width (HCW) 
is constant between molts, and increases tepwise, 
which, in combination with measurements of 
winglength, allows instar discrimination. We therefore 
preferred HCW. 
In Plecoptera, molting always involves growth 
(BEER-STILLER & ZWlCK 1995; ZWICK 1991), molts 
without size increase were never observed. However, 
because of important sexual size differences and be- 
cause instar specific size may change with time, size is 
a poor descriptor of developmental status. Develop- 
ment of juvenile Plecoptera cannot be documented 
since larval instars cannot be distinguished per se. Indi- 
vidual instars can be recognized once wing develop- 
ment begins. In Plecoptera (a few exotic families ex- 
Table 7. Nemurel/a pictetii, the factor by which mean HCW of last 
instar larvae from BTB was on average larger than of those from FD; 
asterisks indicate level of significance between means (MANN-WHIT- 
NEY U-test) (p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***; n.s. = not 
significant). 
Juvenile Ln_ 2 L.-I L~ 
1997 male 1.04 * 1.09 n.s. 1.05 * 1.10 *** 
1997 female 0.96" 1.05"** 1.08"** 1.01 ** 
1998 male 1.09 *** 1.02 n.s. 1.04 n.s. 1.03 n.s. 
1998 female 1.12"** 1.05"* 1.02n.s. 1.05"* 
cepted), wing development involves 3 morphologically 
distinct instars which represent the qualitatively differ- 
ent final three steps to adulthood and can be identified 
by characteristic ratios of wing pad length (WL) to 
body size, but not by absolute size (ZWICK 1991; ZWlCK 
2003). In the same instars of Nemurella, secondary 
male characters developing on the paraprocts provide 
additional means of instar distinction in males, al- 
though these are less reliable than discrimination by 
wing pads (ZWlCK 1991). 
Comparisons of body size are meaningful only 
among the precisely defined last three instars but not be- 
tween them and the collective group of juvenile larvae 
which includes a number of different instars which can- 
not be distinguished. 
Population structure and dynamics, voltinism 
At both sites, spring emergence and reproduction of the 
parent generation (Cohort 1) led to recruitment in July. 
The second generation (Cohort 2) included some fast 
growing specimens (Cohort 2a), in addition to others 
(Cohort 2b). Sites differ in the success of Cohort 2a. At 
FD, a few specimens of Cohort 2a attained instar Ln-2 by 
mid-October but developed no further; the 1998 FD 
population was univoltine. Accordingly, there was no 
autumnal recruitment and the 1998 spring emergence in- 
cluded only the slow-growing Cohort 2b. The popula- 
tion on the Wasserkuppe provides the first well docu- 
mented example of univoltinism of Nemurella in central 
Europe. However, adults at FD were regularly recorded 
(hand-collections by R ZWICK, unpubl, data), since 
1966. Between April and June, there were always large 
numbers of adults. Occasionally, emergence atFD was 
bimodal, for example in 1966 when 215 adults were 
taken between 24 August and 19 October. 
In contrast, at BTB Cohort 2a was successful, 
emerged and reproduced in summer. Its offspring 
formed the autumnal recruitment (Cohort 3) which 
emerged the next spring, together with the slow-growing 
siblings (Cohort 2b) of their parents. The present data 
for BTB agree with previous findings (WOLF & ZWlCK 
1989) on larval growth and development, and bimodal 
emergence atBTB. Bimodal adult emergence was also 
documented along the lower main course of the Breiten- 
Table 8. Nemurella pictetii, share of males (%) during the three late larval instars at the two sites in both years. 
Ln-2 Ln-1 Ln Mean 
FD 1997 40 (N = 31) 42 (N = 38) 
FD 1998 42 (N = 122) 35 (N = 34) 
BTB 1997 48 (N = 137) 57 (N = 96) 
BTB 1998 49 (N = 162) 47 (N = 72) 
48 (N = 23) 43 Overall minimum 35 
49 (N -- 37) 42 Overall mean 47 
56 (N = 82) 54 Overall maximum 57 
47 (N = 43) 47 
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bach during many years of trap collections (WOLF & 
ZW~CK 1989). In the headwaters of the Breitenbach (R 
ZWlCK, unpubl, emergence trap data) adult emergence 
was bimodal, with peak emergence from April to June 
and again during August and September (120 to 2200 
adults per year). However, in 1995 exceptional heat and 
dryness in the second half of year apparently restricted 
the habitat available to NemureIIa. In late summer 1995 
there were only very few adults. 
At other sites in central Europe, up to three emer- 
gence peaks of Nemurella per year were recorded (WOLF 
& ZW~CK 1989, and references therein) but larval popu- 
lations at those sites were not sampled. Considering that 
in 1997 the fastest specimens of Cohort 2b at BTB at- 
tained instar Ln_2 by the middle of November it appears 
possible that under favourable conditions imilar speci- 
mens may mature a little faster, leading to a small third 
emergence peak, in autumn. 
Influence of temperature and photoperiod 
on growth and development 
Within the generally favourable range, rising tempera- 
tures have frequently been shown to accelerate insect 
growth and development. HURYN (1996), for example, 
correlated growth rate and mean daily temperature in 
mayflies which, like stoneflies, are hemimetabolous and 
grow through many instars until adulthood. In our data, 
the overlap of recruitment and emergence and the instar- 
specific size decline with time that we document prevent 
estimates of growth rates from our field data. However it 
is obvious (Figs. 1, 2) that NemureIla grew also faster in 
warmer than in cooler water. 
There was also an influence of photoperiod on 
growth, most noticeable at 6 °C or below which do or do 
not support growth and development, depending on di- 
rectional change of daylength (Fig. 4). Several years of 
temperature cords from sites in the Breitenbach where 
Nemurella is abundant (1985-1990, 1994-2001; unpub- 
lished data of the Fluss-Station) were always in the same 
temperature ange. We have no information on other 
combinations of temperature and photoperiod, as may 
occur during exceptionally cold winters, and also at sites 
at different elevations or latitudes. 
Accumulated egree-days above 0 °C, thermal sums 
acquired uring the life of a given generation or cohort, 
differ widely in the present data (Table 4), as well as in 
the estimates of WOLF & ZWICK (1989). This shows that 
factors other than temperature ( .g., food quality and 
quantity, competition and, of course, photoperiod) have 
important influence on growth and development. The 
thermal sum required for complete development under 
favourable combinations of factors was only near 700 in 
the present field observation; the same was found during 
laboratory rearing (WOLF & ZWICK 1989). 
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Cohort splitting and cohort fusion 
The summer ecruits at both BTB and FD split into Co- 
horts 2a and 2b which grow and develop at very differ- 
ent rates. This agrees with observations on siblings 
reared under favourable conditions in the laboratory 
(WOLF & ZWICK 1989). Although we do not assume the 
coexistence of cryptic species, the different cohorts may 
nevertheless differ genetically. The successive mer- 
gence of adults differing in rates of growth and develop- 
ment may mediate selective mating. 
The November-December r cruitment at BTB (Co- 
hort 3) agrees with known incubation periods (ELLIOTT 
1984) at the temperatures recorded. A more precise sti- 
mate is difficult because females deposit egg masses in 
protected hygropetric sites under overhanging banks 
(ENDERS & WAGNER 1996; NESTEROVITCH, unpubl.) 
where temperatures may differ slightly from the water 
temperature. Cohort 3 consists of the offspring of the 
fast-growing Cohort 2a, and, like their parents, these 
specimens accumulated only about 700 degree-days 
during larval life, until adult emergence in the following 
spring. 
Cohorts 2b and 3 at BTB emerge together in spring, 
apparently fusing. 
Seasonal size decline 
For each cohort of Nemurella size declines with time in 
each of the identified instars. Time (as number of Julian 
days after winter solstice) and final size are significantly 
negatively correlated (Fig. 5, Tab. 5), more strongly so 
in the FD population than at BTB. We suspect this to be 
so because of the complex pattern (and accordingly 
greater scatter) through intervention of an intercalary 
summer generation, at BTB. 
A large number of insects, hemi- as well as 
holometabolous, emerge at successively smaller size 
during the emergence period (for example: TAKEMON 
1990; LAVANDIER & DUMAS 1971; SCHWARZ 1970; 
BAKER 1989; PETERSSON 1989; SNELLEN & STEWART 
1979; WARD 1992; SNYDER et al. 1991). HOGUE & 
HAWKINS (1991) scanned the literature and found a neg- 
ative correlation between body size and temperature in 
75 out of about 90 cases; several papers were added 
since, also from tropical regions (FROE~LICH 1990; 
SWEENEY et al. 1995). In Nemurella the phenomenon is 
striking (Figs. 1, 2, 5, Table 5). Smallness has important 
fitness consequences because reproductive capacity de- 
clines with body size, or smallness negatively affects 
quality of offspring, or mode of reproduction (DE MOOR 
1982; CORKUM et al. 1997; ERNSTING & ISAAKS 1997; 
OBERNDORFER • STEWART 1977; SWEENEY 1978; 
SWEENEY & VANNOTE 1981, 1984; SWEENEY et al. 1995; 
XUE &ALI 1994); we suspect the same for Nemurella l- 
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though this is not necessarily so (REMPEL & CARTER 
1987). 
Size reduction over time is in the literature almost 
universally at least partly ascribed to temperature ef- 
fects. Populations of the marine copepod Scottolana 
canadensis (WmLEY) experience different emperature 
regimes at different latitudes between 27°N and 43°N. In 
the laboratory, final size was negatively related to con- 
stant rearing temperature (LONSDALE & LEVINTON 
1985). The authors proposed an allometric physiological 
limitation causing a decline of body size with rising tem- 
perature, and that maximum body size would be attained 
at the lowest physiologically tolerable temperature. 
More frequently, in arthropods, differential effects of 
temperature on ecdysone and neotenine, respectively, 
are supposed to be responsible for seasonal size de- 
clines. Generally, ectothermous animals grow and devel- 
op faster at higher than at lower temperatures; however, 
warmth accelerates development, for example molting 
of insects, more than it accelerates growth. The thresh- 
old temperature for growth may also be lower than that 
for development (TAKEMON 1990). In consequence, 
specimens normally grow to a larger size at relatively 
low temperatures than conspecifics at higher tempera- 
tures (BLANCKENHORN 1997; RATTE 1985; GILBERT & 
RAWORTr~ 1996). 
We feel the discussion of the so-called seasonal size 
decline has weak points. For example, documentation 
of temperature varies between studies, from accurate 
temperature adings ome time before emergence to 
the overall distinction between warmer and cooler sites. 
PERRY et al. (1987) compared two sites with different 
temperature gimes; warmth accelerated growth of two 
stonefly species. However, the site which was warmer 
in summer was cooler than the other in winter; overall 
effects on body size were complex. GREGORY et al. 
(2000) note that in their own data the warm-cold rela- 
tionship of study sites can be reversed by the choice of 
the way in which temperature is assessed. While sites 
along a given small stream (and probably also sites on 
different streams in close proximity) differ in tempera- 
ture at times during the year, the annually accumulated 
degree-days are the same (VANNOTE & SWEEN~Y 1980), 
and the warm-cold-relationship between sites changes 
over time. It would therefore be necessary to know at 
which developmental stage the animals are actually 
temperature sensitive. However, even in the 
holometabolous Trichoptera documentation f size de- 
cline is in the adult stage (PETERSSON 1989). The ques- 
tion whether already some of the usually five larval in- 
stars which are normally readily identified by their size 
exhibits a size decline seems to have never been asked. 
In the hemimetabolous Ephemeroptera and Plecoptera, 
the developmental pathways (e.g., number and identifi- 
cation of larval instars, rate of increment between in- 
stars, duration of individual instars, especially the last 
instar) are barely known. 
Emerging knowledge of development of Plecoptera 
disproves ome published cases. GREGORY et al. (2000) 
found a negative correlation between body size of 
emerging adult Pteronarcys caIifornica NEWPORT and 
spring water temperatures. However, there can be no 
causal relationship because P. californica, like other 
species of the genus, enters the last instar already during 
the summer preceding adult emergence (TOWNSEND & 
PRITCI4ARD 1998; ZWICK & TESLENKO 2002) and spends 
up to 9 months in that instar. No change of size is possi- 
ble during that long period of time. Similarly, MOREIRA 
& PECKARSKY (1994) ascribed seasonal size decline in 
the semivoltine Agnetina capitata (PICTET) (Plecoptera: 
Perlidae; emerging from early June to late July) to a rise 
in temperature in June and July and stated at the same 
time that last instars first appeared in May - too early to 
be still affected by the temperatures considered. The per- 
lid genera Dinocras and Perla (FRUTIGER 1987; IMHOF 
1994) moult to last instar 3-4 months before adult emer- 
gence and one may assume the same for the closely sim- 
ilar Agnetina. Indeed, MOREIRA & PECKARSKY (1994) al- 
most certainly underestimated the time spent in the last 
instar because they recognized it by its dark wingpads. 
However, darkening of wingpads occurs only when ec- 
dysis to the adult stage takes place within the larval cuti- 
cle. Such pharate adults are disconnected from gills and 
must emerge very soon afterwards; in Nemouridae, for 
example, the adult emerges within 12 hours (Zw~cK, un- 
publ. experimental data). 
Irrespective of how long- or short-lived the last instar 
of a particular species is, temperature effects on adult 
size during the last or the last two or three instars are not 
easily imagined, because of existing morphological con- 
straints. With very few exceptions (Pteronarcyidae re 
one) the Plecoptera pass through 3 wing-bearing larval 
instars before adult emergence (ZwIcK 1991; ZWlCK 
2003; BEER-STILLER & ZWICK 1995). The morphology 
(proportion of head width/wingpad) of individual instars 
as well as the size relations between successive instars 
are rather igidly determined. No doubt, the size of the 
future adult is already pre-determined at the time when 
tiny wing pads first appear, many weeks before adult 
emergence. In Ephemeroptera (for which there are no 
literature data) ongoing biometric studies (ROESCH, pers. 
commun.) suggest that several, probably also the last 3, 
wing-bearing instars are morphologically well defined, 
i.e., also in Ephemeroptera temperature shortly before 
adult emergence can hardly affect adult size. 
SWEENEY & VANNOTE ( 1881) suggested "the decrease 
in adult., size., seems to result from the sequential meta- 
morphosis of progressively smaller larvae", which in 
Nemurella is indeed the case. However, we present the 
first data actually showing that already small larvae ex- 
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perienced a size decline with time, several instars before 
adulthood. Size decline with time affects all cohorts and 
generations, atboth study sites, and occurs at very dif- 
ferent emperatures and daylengths, rising as well as 
falling. We cannot imagine some uniform causal relation 
between the two environmental variables and body size 
in the present species. 
It may even be that he size decline occurs exclusively 
in early instars. If no additional size decline occurred in 
later instars but only size differences that originated in 
some early instar were carried on and amplified by the 
normal proportional increase of specimens at molts, size 
differences between specimens would increase from one 
instar to the next. This is what is actually observed in 
NemureIIa. 
It would be important to know if what we find in Ne- 
murella also applies to other taxa whose seasonal size 
decline is documented in the literature. Unfortunately, 
this cannot be assessed at present because there are no 
other simultaneous records of size and instar assignment 
of specimens over long parts of their life cycle. If what 
we document inNemurella is true also of other taxa, the 
present literature would seek the causes of the size de- 
cline in environmental f ctors not at the time when the 
decline occurs, but at the time when the phenomenon is 
eventually noticed, in emerging adults or last instar lar- 
vae. 
Initially, we favoured the idea that a combination of 
environmental f ctors, e.g. temperature and the photope- 
riodic gradient, acts as cue inducing developmental 
change in addition to somatic growth, and that this cue 
becomes increasingly compelling as time progresses, in- 
ducing successively smaller larvae to start metamorpho- 
sis. Once started, a series of morphologically defined 
steps is followed, at least for wing development (ZWICK 
1991; ZWICK 2003; BEER-STILLER & ZWICK 1995), ren- 
dering the characteristic adult shape largely independent 
of size. 
We now begin to wonder whether perhaps the speed 
at which a specimen grows and the size it eventually at- 
tains are interrelated expressions of overall individual 
fitness (see, for example, KLINGENBERG & SPENCE 
1997). Assuming that mating occurs soon after adult 
emergence, specimens would mainly encounter mates of 
comparable size. This would help to stabilize apattern 
which is usually thought to be related to temperature and 
season, shortly before adult emergence. 
Size differences between sexes, sites and years 
Sexual size differences are observed early, and increase 
with instar number. The final size difference between 
sexes is large and compatible with the assumption that 
females grow through one more instar than males (Table 
6) (KHOO 1964; VAUGHT & STEWART 1974; BRITTAIN 
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1973; HOLDSWORTH 1941). Our data do not solve this 
problem. 
At both sites, specimens emerging in 1997 were 
smaller than those in 1998. Instar distribution at compa- 
rable dates (Breitenbach tributary: 30 April 1997 versus 
16 April 1998; Wasserkuppe: 14 May 1997 versus 14 
May 1998) was less advanced in 1997 than in 1998. 
However, the temperature-daylength combination sup- 
porting no growth and development (Fig. 4) occurred 
only during 9 days in the last part of 1996, but during 39 
days in 1997. The summer regimes provided also no cue, 
summer temperatures in 1996 and 1997 revealed irregu- 
lar minor oscillations but no clear trend for one of the 
summers to be generally warmer than the other. It there- 
fore appears that the size difference depends on other 
factors not considered here, like food supply or competi- 
tor success. Also, the dates of adult flight period and 
oviposition at the study sites in 1996 are unkown. 
Sex ratio 
Sex ratios varying from 39% to 62% males were report- 
ed for Nemurella pictetii n the literature, based on adult 
collections (for example, MATTHIAS & MEINEL 1982; 
WOLF & ZWICK 1989). Manual collections of adults may 
be biased through sexual differences in activity, habitat 
choice, longevity, and other. During eight years of emer- 
gence trap collections in Lower Austria (ZWICK 1977, 
and unpubl, data) the share of males was 56-63%, and 
49-62% males in emergence traps on the upper course 
of the Breitenbach, for sample sizes of nearly 200 to 
over 2000 specimens (ZWICK, unpubl, data). However, 
emergence traps may catch also old females returning 
for oviposition, and be biased towards females (ZWICK 
1977). 
Systematic errors of the above kinds play no role in 
larval samples, where recognition of sex is reliable in the 
three last larval instars. WILLIAMS & NESTEROVITCH 
(2001) concluded that he share of female Nemurella in 
Belorussian populations rises with annual habitat em- 
perature stability. Overall mean sex ratios at our study 
sites (Table 8) are in line with this, temperatures at FD 
are clearly more stable than at the Breitenbach (Fig. 1). 
When individual sampling dates or instars are consid- 
ered separately, the share of males varies irregularly and 
probably accidentally because there is no evidence for 
sex-specific mortality during development. In the pre- 
sent study, the grand mean of 47% males is close to, and 
probably not distinct from, a 1:1 sex-ratio. 
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